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Abstract

Among various passive devices, metal-insulator-metal (MIM) capacitors are
widely used for decoupling, impedance matching and direct current (DC) filtering;
they occupy a large fraction of circuit area. Moreover, one of the most critical
challenges which gigabit density DRAM’s face will be MIM memory cell capacitance.
Memory cell capacitance is the crucial parameter which determines the sensing signal
voltage, sensing speed, data retention times and endurance against the soft error event.
According to International Technology Roadmap for Semiconductors (ITRS),
continuous down-scaling of the size of MIM capacitors is required to reduce chip size
and the cost.

To meet these requirements high dielectric constant (x) materials provide the
only solution, since decreasing the dielectric thickness (ty) to increase the capacitance

density degrades both the leakage current and AC/C performance. Furthermore, it is
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also desirable to use the same high-k dielectric to meet all the Analog, RF and DRAM

functions for embedded SoC. Therefore the high-x dielectrics used in MIM capacitors

have evolved from SiON (k~4-7), Al,O3 (k=10), HfO; (k~22), Ta,0s (k~25) to Nb,Os

(k~40). However, the demonstration of MIM with these films is yet able to achieve

properties such as nondispersive, good linearity and high breakdown with low leakage

concomitantly, at high unit capacitance. Hence, we have developed novel process and

very high-k materials, such as TiTaO, TiHfO (x~45-50) and STO (k~50-300) to

advance this technology. To further improve small bandgap (Eg) in these dielectrics, a high

work-function (¢g) Ir or Ni (5.2 eV) electrode is used to give better performance. Therefore,

not only high capacitance density, and low leakage current, but also small voltage- and

temperature- dependence of capacitance are achieved under limited thermal budget

for back-end integration.

In addition to the measurements of leakage current density and capacitance at

low frequency, we also measured the S-parameters to investigate the characteristics of

the MIM capacitors at RF regime. Using the simulation software, the capacitance of

the device at different frequencies was extracted. Moreover, understandings of the

mechanism of conductivity, voltage- and temperature-dependence of capacitance were

studied, which are also useful in the development of advanced MIM devices. The

related factors, such as barrier height, surface roughness, interfacial layer, and

v



dielectric material properties should be concerned for improving MIM performance,

which were also investigated in this thesis.
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Figure Caption

Chapter 1 Introduction

Fig. 1-1 The International Technology Roadmap of analog and mixed-signal
capacitors.

Fig. 1-2 The measurement set-up for S-parameter.

Fig. 1-3 The illustration of HP85122A and ATN-NP5B noise measurement system.

Chapter 2 High« Ir/TiTaO/TaN Capacitors Suitable for Analog IC

Applications

Fig. 2-1 C-V characteristics of Ir/TiTaO/TaN TiTaO MIM capacitors.

Fig. 2-2 (a) J-V characteristics of Ir/TiTaO/TaN MIM capacitors. (b) Band diagram
of the Ir/TiTaO/TaN MIM structure. The leakage current is lower when
electrons are injected from the top Ir electrode than from the lower TaN
electrode.

Fig. 2-3 (a) AC/C-V and (b) AC/C-1/C plot for Ir/TiTaO/TaN MIM capacitors.

Chapter 3 Very High Density (23fF/um®) RF MIM Capacitors Using High-k

TiTaO as the Dielectric

Fig. 3-1 XRD patterns of TiO, and TiTaO dielectric layers, ~28 nm thick, after

400°C O, oxidation and N, annealing.

Fig. 3-2 (a) C-V and (b) J-V characteristics of TiO, and TaTiO capacitors. The

leakage current is lower in the TiTaO capacitors.



Fig. 3-3

Fig. 3-4

The scattering parameters of a TiTaO MIM capacitor, from 200 MHZ to 20

GHz. Insert: the equivalent circuit model used for capacitance extraction.

(a) The AC/C-V characteristics of a TiTaO MIM capacitor. The data for

frequencies >1 MHz were obtained from the S-parameters. (b) Frequency

dependent capacitance density, AC/C, a and B for a TiTaO MIM capacitor

biased at 2V.

Chapter 4 Thermal Leakage Improvement by Using a High Work Function

Fig. 4-1

Fig. 4-2

Fig. 4-3

Fig. 4-4

Fig. 4-5

Ni Electrode in High-k TIHfO MIM Capacitors

(a) Comparison of the band gap and band offset with various high-k
dielectrics (b) The possible high work-function metals in the Periodic
Table.

(a) C-V characteristics of [Ni or Al]/TiHfO/TaN capacitors, measured at
various frequencies (b) J-V characteristics of [Ni or Al]/TiHfO/TaN
capacitors measured at 25 °C and 125°C.

(a) AC /C - V characteristics of [Ni or Al)/TiHfO/TaN capacitors and (b)
J-V and AC/C-V (insert) for the Ni-based capacitors.

log(J) versus log(E) plots of [Ni or Al]/TiHfO/TaN capacitors measured at
25°Cand 125°C

Measured and simulated J-E'? of (a) Al/TiHfO/TaN and (b) Ni/TiHfO/TaN
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devices and inserted band diagrams under thermal equilibrium.

Fig. 4-6 (a) The Schottky Emission (SE) fitting of [Ni or Al]/TiHfO/TaN capacitor
data at low electric field, and (b) the FP fits of a Ni/TiHfO/TaN capacitor
data at high field. The related band diagrams are included.

Fig. 4-7 ACIC-1/C plots. An exponential decrease of o with increasing dielectric

thickness was observed.

Chapter 5 High Performance SrTiOs; Metal-Insulator-Metal Capacitors for

Analog Applications

Fig. 5-1 (a) C-V and (b) J-V characteristics of TaN/STO/TaN MIM capacitors
processed under various conditions. The 400°C PDA yields a capacitance
density of 17 fF/um? which increases to 28 fF/um? for a 450°C PDA and is
better with the N* treatment (35 fF/pum?).

Fig. 5-2 (a) J-V characteristics for the devices in Fig. 1 measured at 125°C. (b)
Comparison of the C-V and J-V characteristics of TaN/STO/TaN MIM
capacitors.

Fig. 5-3 J-V and C-V (insert) characteristics of an STO MIM capacitor using the
optimum process conditions.

Fig. 5-4 Plot of In(J) versus EY2 under electron injection from (a) the lower and (b)

the top electrode.
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Fig. 5-5

Fig. 5-6

Fig. 5-7

Fig. 5-8

Fig. 5-9

SIMS profile of STO/TaN with or without N* treatment on the lower TaN.
(a) The XRD spectra of STO after a 400-450°C O, PDA. Crystallization of
STO was found at 450°C O, PDA. (b) Cross-sectional TEM of
STO/N"-treated-TaN with an enlarged STO image in (c).

AC/C-V characteristics for STO MIM capacitors and the dependence on (a)
plasma-nitridation on the lower TaN and (b) different capacitance densities
of 28 to 49 fF/um’(c) Frequency dispersion of the 28 fF/um’ density

capacitor.

(a) Temperature-dependent normalized capacitance for MIM capacitors
with or without plasma-nitridation of the lower TaN. (b) The «, TCC and
CET as a function of various treated MIM capacitors.

AC/C-1/C plot of TaN/STO/TaN and various high-x MIM capacitors. The
exponential decrease with increasing 1/C is important for designing

capacitors for different applications.

Chapter 6 Very High Density (44fF/um?®) SrTiO; MIM Capacitors for RF

Fig. 6-1

Applications

(a) C-V and (b) J-V characteristics of STO MIM capacitors. The C-V results

from 100 kHz to 1 MHz are measured from LCR meter and the data from

0.2 GHz to 10 GHz are obtained from the S-parameters. High capacitance
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Fig. 6-2

Fig. 6-3

Fig. 6-3

Fig. 6-4

density of 44 and 49 fF/um’® were measured with low leakage density of
5x107 and 6x107° A/cn’.

Measured and simulated J-E"* of STO MIM capacitors.

(a) Measured and simulated two-port S-parameters for STO MIM
capacitors, from 500 MHZ to 10 GHz and (b) equivalent circuit model for
capacitor simulation in RF regime.

(a) Frequency dependent capacitance density, AC/C and a for a STO MIM
capacitor biased at 1.5V. The data for frequencies >1 MHz were obtained
from the S-parameters. (b) The AC/C-V characteristics of a STO MIM
capacitor at RF regime.

(a) Q-factor of TaN/STO/TaN MIM capacitors biased at 1.5V (b) The
temperature-dependent normalized capacitance (TCC) with different

frequency. The capacitor size is 20 umx20 um.

Chapter 7 Use of a High Work-Function Ni Electrode to Improve the Stress

Fig. 7-1

Fig. 7-2

Reliability of Analog SrTiO3; Metal-Insulator-Metal Capacitors

J-V characteristics of [Ni or TaN]/STO/TaN capacitors, measured at 125°C.

The inserted figure is the band alignment of the STO MIM device with TaN

or Ni as the upper electrode.

(a) C-V characteristics of [Ni or TaN]/STO/TaN capacitors before and after
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different voltage stress at 25°C. (c) C-V characteristics of Ni/STO/TaN
capacitors before and after constant-voltage stress at 25 and 125°C.

Fig. 7-3 ACIC-V characteristics of MIM capacitors with Ni, and with TaN
electrodes.

Fig. 7-4 (a) The ACIC vs. stress voltage for a 10 year reliability period(b) The AC/C
values for 10 year-stress were obtained from the figure of the extrapolated
AC/C vs. stress time to 10 years.

Fig. 7-5 Temperature dependences of VCC « and normalized capacitance with Ni

and TaN electrode.

Table Caption

Chapter 2 High-k Ir/TiTaO/TaN Capacitors Suitable for Analog IC

Applications

Table 2-1  Comparison of various high-x capacitors. All the requirements of the
ITRS roadmap at 2018 are satisfied by the It/TiTaO/TaN capacitor.

Chapter 4 Thermal Leakage Improvement by Using a High Work-Function
Ni Electrode in High-k TiHfO MIM Capacitors

Table 4-1  Comparison of important device data for MIM capacitors with various

high-k dielectrics and work-function metals.
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Chapter 5 High Performance SrTiO; Metal-Insulator-Metal Capacitors for
Analog Applications
Table 5-1  Comparison of various high-x capacitors. The TaN/STO/TaN capacitor

shows the best performance, exceeding the requirements of the ITRS

roadmap for 2018.
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